Trichome initiation in Arabidopsis (Arabidopsis thaliana) is controlled by the TRANSPARENT TESTA GLABRA1 (TTG1) network that consists of R2R3-and R1-type MYB-related transcription factors, basic helix-loop-helix (bHLH) proteins, and the WD40 protein TTG1. An experimental method was designed to investigate the molecular mechanisms by which jasmonates, cytokinins, and gibberellins modulate Arabidopsis leaf trichome formation. All three phytohormones provoked a seemingly common effect on cell patterning by promoting trichome initiation but caused strikingly distinct effects on cell and trichome maturation. The phytohormonal control was mediated by transcriptional regulation of the established TTG1 complex and depended on the R2R3-MYB factor GLABRA1. However, unsuspected degrees of functional specialization of the bHLH factors and a resultant differential molecular regulation of trichome initiation on leaf lamina and leaf margins were revealed. Trichome formation on leaf lamina relied entirely on GLABRA3 and ENHANCER OF GLABRA3. Conversely, TRANSPARENT TESTA8 (TT8) was particularly important for marginal trichome development. This hitherto unknown role for TT8 in trichome formation further underscored the functional redundancy between the three TTG1-dependent bHLH proteins.
Trichome initiation in Arabidopsis (Arabidopsis thaliana) is controlled by the TRANSPARENT TESTA GLABRA1 (TTG1) network that consists of R2R3-and R1-type MYB-related transcription factors, basic helix-loop-helix (bHLH) proteins, and the WD40 protein TTG1. An experimental method was designed to investigate the molecular mechanisms by which jasmonates, cytokinins, and gibberellins modulate Arabidopsis leaf trichome formation. All three phytohormones provoked a seemingly common effect on cell patterning by promoting trichome initiation but caused strikingly distinct effects on cell and trichome maturation. The phytohormonal control was mediated by transcriptional regulation of the established TTG1 complex and depended on the R2R3-MYB factor GLABRA1. However, unsuspected degrees of functional specialization of the bHLH factors and a resultant differential molecular regulation of trichome initiation on leaf lamina and leaf margins were revealed. Trichome formation on leaf lamina relied entirely on GLABRA3 and ENHANCER OF GLABRA3. Conversely, TRANSPARENT TESTA8 (TT8) was particularly important for marginal trichome development. This hitherto unknown role for TT8 in trichome formation further underscored the functional redundancy between the three TTG1-dependent bHLH proteins.
Trichomes of Arabidopsis (Arabidopsis thaliana) are developmentally important because they are involved in temperature control, water regulation, and protection against insect herbivores and UV irradiation (Traw and Bergelson, 2003; Mauricio, 2005; Serna and Martin, 2006) . Arabidopsis trichomes are single-celled, spiky hair-like structures that differentiate from individual protoderm cells into the developing epidermis of leaves, stems, and sepals. Each trichome is surrounded by eight to 12 rectangular epidermal cells at its base and reaches sizes from 200 to 300 mm (Marks, 1997) . In contrast to root hair patterning, which is predictable with respect to the underlying cortex, the regular trichome patterning is an example of de novo pattern formation (Larkin et al., 1996 (Larkin et al., , 1997 Hü lskamp and Schnittger, 1998; Hü lskamp et al., 1999; Schnittger et al., 1999) .
Trichome patterns are generated by an activator/ inhibitor system (Schellmann et al., 2002; Larkin et al., 2003; Pesch and Hü lskamp, 2004) , which has been characterized at the molecular level through mutant screens and yeast two-hybrid analysis (Y2H). The activator complex consists of a WD40 protein, a basic helix-loop-helix (bHLH) protein, and an R2R3-type MYB-related transcription factor (Serna and Martin, 2006; Schellmann et al., 2007) . The WD40 protein is encoded by TRANSPARENT TESTA GLABRA1 (TTG1; Walker et al., 1999) . For the other two elements of the activator complex, functional redundancy exists: the bHLH and R2R3-MYB factors can be encoded either by GLABRA3 (GL3) or ENHANCER OF GLABRA3 (EGL3) and GLABRA1 (GL1) or MYB23, respectively (Oppenheimer et al., 1991; Payne et al., 2000; Kirik et al., 2001 Kirik et al., , 2005 Zhang et al., 2003) . TTG1 and GL1 or MYB23 physically interact with GL3 or EGL3, but not with each other (Payne et al., 2000; Zhang et al., 2003; Zimmermann et al., 2004) . The activity of this TTG1-dependent complex can be repressed by single repeat (R1)-type MYB-related transcription factors that lack a transactivation domain and compete with the R2R3-MYB factors for binding to the bHLH protein (Esch et al., 2003; Zhang et al., 2003) . To date, five homologous R1-MYB proteins have been identified as negative regulators of trichome initiation: TRIPTYCHON (TRY), CAPRICE (CPC), ENHANCER OF TRY AND CPC1 (ETC1), ETC2, and CAPRICE-LIKE MYB3 (Wada et al., 1997; Schellmann et al., 2002; Esch et al., 2004; Kirik et al., 2004a Kirik et al., , 2004b Tominaga et al., 2008) . The active TTG1 complex stimulates expression of the inhibitors that move into the neighboring cells, where they repress the activators (Larkin et al., 1996 (Larkin et al., , 2003 Schellmann et al., 2002; Pesch and Hü lskamp, 2004) . Similar TTG1/bHLH/MYB complexes consisting of the same and/or other isoforms underlie root hair organogenesis, stomata patterning on hypocotyls, seed coat mucilage production, and control of phenylpropanoid biosynthesis (Zhang et al., 2003; Broun, 2005; Schellmann et al., 2007) . For instance, the bHLH protein TRANSPARENT TESTA8 (TT8) and its close homologs GL3 and EGL3 control anthocyanin accumulation in leaves (Nesi et al., 2000; Heim et al., 2003; Baudry et al., 2004 Baudry et al., , 2006 . However, in the case of anthocyanin biosynthesis, the corresponding MYB partner is not encoded by GL1 or MYB23 but by PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1), PAP2, MYB113, or MYB114 (Borevitz et al., 2000; Zhang et al., 2003; Gonzalez et al., 2008) . Although the three bHLH proteins, GL3, EGL3, and TT8, often share common functions, as in leaf anthocyanin biosynthesis, they might also have specific roles; for example, TT8 is the only one that regulates seed coat pigment (proanthocyanidin) biosynthesis (Nesi et al., 2000; Zhang et al., 2003) . Recently, the first R1-MYB, MYBL2, has been discovered that negatively regulates proanthocyanidin and anthocyanin biosynthesis in Arabidopsis (Dubos et al., 2008; Matsui et al., 2008) and that is expressed in various tissues, but not in those in which anthocyanins accumulated or TT8 was expressed (Matsui et al., 2008) .
Previous research has pointed out that a number of phytohormones play an important role in trichome development. On Arabidopsis rosette leaves, trichome formation is negatively influenced by salicylic acid and positively influenced by GA 3 and jasmonic acid (JA; Chien and Sussex, 1996; Telfer et al., 1997; Perazza et al., 1998; Traw and Bergelson, 2003) . On Arabidopsis inflorescence organs, trichomes are positively influenced by GA 3 and cytokinin (6-benzylaminopurine [BAP] ; Greenboim-Wainberg et al., 2005; Gan et al., 2006 Gan et al., , 2007 . Knowledge of the molecular mechanisms by which phytohormones influence trichome formation is still limited. Pioneering reports have indicated that GAs promote trichome formation on Arabidopsis rosette leaves by up-regulating GL1 (Perazza et al., 1998) and that GAs and cytokinins might share C2H2 transcription factors to regulate Arabidopsis trichome initiation in late inflorescence organs (Gan et al., 2006 (Gan et al., , 2007 . These C2H2 factors positively regulate the trichome initiation complex and act upstream of GL1. How jasmonates impinge on the trichome initiation machinery and whether phytohormones exert their effect through organ-or cell type-specific mechanisms remain to be revealed.
To study the molecular regulation of phytohormone-modulated trichome density on Arabidopsis rosette leaves, an experimental method was designed in which plants were first allowed to germinate on hormone-free medium before their transfer to hormonesupplemented medium. Here, we verified the trichomestimulating potential of GA 3 , JA, and BAP. Whereas these hormones all increased trichome initiation, their effects on anthocyanin biosynthesis, trichome structure, and pavement cell formation differed distinctly. Detailed molecular analysis indicated that the positive effect of these hormones is mediated, at least in part, by the transcriptional regulation of the members of the TTG1/bHLH/MYB activator/inhibitor complex. Furthermore, our analysis pointed toward a differential regulation of marginal and laminal leaf trichome initiation and supported a hitherto unknown, but important, role for TT8 in trichome development.
RESULTS

Experimental Design to Study the Hormonal Influence on Trichome Formation
A robust experimental method was designed that allowed tight scoring the effects of the phytohormones JA, GA 3 , and BAP, whose positive involvement in the regulation of trichome formation had been suggested previously in the literature. Seeds of the Arabidopsis ecotype Columbia 0 (Col-0) were first germinated on control medium (K1) on which "normal" trichome initiation takes place. When the first four leaves were formed, seedlings were transferred to phytohormonecontaining medium, on which they remained until the new leaves reached a size appropriate to explore the effect on trichome formation.
To determine at what stage trichome initiation is modulated by the phytohormones, we first compared the effect on the trichome numbers on leaves 3 and 4 with those on leaves 7 and 8. The former were already created before transfer and, thereby, supposed to have an established epidermal cell fate. Leaf 7 and consecutive leaves were formed upon or after the transfer (Larkin et al., 1996) and thus were amenable to phytohormone-mediated changes in cell fate development. A significant increase in the trichome number could be observed only from the seventh leaf on, whereas no effect, or a slight decrease, was seen on leaves 3 and 4 ( Fig. 1A ; Supplemental Fig. S1A ; Supplemental Table S1 ), indicating that the experimental setup allows the control of trichome-promoting effects in a discrete developmental window. The effects of the three phytohormones were even more pronounced in ecotype C24 (Supplemental Fig. S1B ), a glabrous derivative of Col-0 (Barth et al., 2002) . For both ecotypes, the response was the strongest for BAP, with an increase of 47% compared with mock-treated plants in the Col-0 ecotype (Fig. 1A) and an increase from generally zero to approximately 70 to 80 trichomes per leaf in the C24 ecotype (data not shown).
To verify whether the increase in trichome density was due to a direct effect on trichome initiation or to an indirect effect through pleiotropic effects on leaf development, we determined the trichome index (TI), which takes both the number of epidermal cells and the number of trichomes into account. The TI is calculated by the formula (numbers of trichomes/numbers of trichomes + numbers of pavement and guard cells) 3 100 (Supplemental Table S1 ). The three hormones clearly increased the TI, confirming that BAP, GA 3 , and JA all can positively affect at least one aspect of leaf development (i.e. trichome formation; Fig.  1B ; Supplemental Table S1 ). As for the trichome numbers, a marked effect on the TI was only observed from leaf 7 on.
JA, BAP, and GA 3 Stimulate Trichome Initiation But Have Strikingly Distinct Effects on Cell Pattern Formation and Cell Maturation As GAs and cytokinins are known to act antagonistically in leaf formation and meristem maintenance, the effects of the phytohormones on leaf and trichome development were studied in more detail to discern potentially divergent hormone specificities. The parameters assessed were leaf nuclear DNA content and pavement cell size (Fig. 2) , trichome size and structure, and nuclear DNA content (Figs. 3 and 4). Leaf 7 was used throughout. Nuclear DNA content reflects the endoreduplication rate, a feature that is often correlated positively with cell size (Melaragno et al., 1993) and trichome branching (Melaragno et al., 1993; Hü lskamp et al., 1994; Schnittger et al., 1998; Szymanski and Marks, 1998) .
Three general trends were discernible. First, BAP stimulated cell division and differentiation but prevented or delayed maturation of cells, independently of their developmental fate. The influence of BAP was particularly reflected by an increase in the number of cells and trichomes per leaf (Figs. 1 and 2; Supplemental Table S1 ) and a decrease in nuclear ploidy levels or DNA content, both in leaves ( Fig. 2) and trichomes ( Fig. 3) . Endoreduplication rates correlated positively with cell size, as mirrored by the small leaf pavement cells ( Fig. 2 ) and short trichomes (Fig. 4 ) of BAP-treated leaves. The inhibitory effect of BAP on trichome maturation was also apparent from the absence of surface papillae (Fig. 4A) , the formation of which is correlated with the cell wall changes that occur normally during trichome maturation (Rerie et al., 1994) . Notably, neither BAP nor any of the other phytohormonal treatments affected significantly the trichome branch number (data not shown). The curved and shortened branch phenotypes of BAP trichomes were reminiscent of those observed after pharmacological disruption of long actin cables (Szymanski et al., 1999) or overproduction of the actin-depolymerizing factor and key regulator of F-actin organization, ADF1 (Dong et al., 2001) .
Second, the influence of GA 3 and JAs on endoreduplication and cell maturation depended seemingly on the developmental fate, contrary to cytokinins. For instance, pavement cells of GA 3 -treated leaves were larger than those of the control ( Fig. 2 ; Supplemental Table S1 ), an event accompanied by an additional round of endoreduplication (Fig. 2) . In contrast, no significant differences in leaf cell number and size or in leaf nuclear ploidy levels were observed in JA-treated leaves when compared with mock-treated leaves ( Fig. 2 ; Supplemental Table S1 ). Conversely, JA-treated trichomes had higher DNA contents and an enlarged nuclear area, whereas trichomes of GA 3 -treated and mock-treated plants did not significantly differ for any of the scored parameters (Fig. 3) . Accordingly, trichome outgrowth was clearly stimulated in JA-treated plants, as reflected by the increase in trichome branch size (Fig. 4) .
Third, the three phytohormones distinctly affected cell pattern formation and maturation depending on the epidermal cell fate. Remarkably, the stomatal index (Supplemental Table S1 ) was only affected by GA 3 , further underscoring the cell type-specific effect of the phytohormones on developmental pattern formation. Furthermore, GA 3 , JA, and BAP differentially regulated trichome maturation, despite the shared promotion of the trichome formation. To characterize the molecular mechanisms behind the phytohormone-mediated control of trichome formation, we evaluated the transcriptional regulation of the genes coding for known components of the trichome initiation machinery by quantitative (q)PCR. Previously it was reported that the promotion of trichome formation by GAs in rosette leaves was accompanied by up-regulation of GL1 (Perazza et al., 1998) and that GL1 is cytokinin and GA inducible in inflorescence organs (Gan et al., 2007) . Here, the expression levels of Table S1 . Error bars represent the SE (n = 10 for A and n = 6 for B). Statistical significance was determined by Student's t test (** P , 0.01, * P , 0.05). Seedlings were mock treated (K1) or induced with JA (5 mM), BAP (1 mM), or GA 3 (1 mM). the known positive trichome regulator genes TTG1, GL3, EGL3, GL1, and MYB23 were compared on (pooled) leaves 3 and 4 and leaves 7 and 8. The expression levels differed only in leaves 7 and 8 after the various treatments (Fig. 5 ). As this observation was consistent with the discrete developmental window in which trichome pattern formation could be promoted ( Fig. 1 ; Supplemental Table S1), we focused on the seventh and eighth leaves for all further expression analyses. TTG1 expression did not significantly differ at any of the developmental stages or treatments. In contrast, the R2R3-MYB genes (GL1 and MYB23) and the bHLH genes (GL3 and EGL3) were transcriptionally induced by the three phytohormones (Fig. 5) . For the known negative regulators of trichome development, the expression of the R1-MYB genes TRY, ETC1, and ETC2 was reduced, whereas that of CPC was stimulated (Supplemental Fig. S2 ). Although the relation to the presumed different functions of the individual members of the R1-MYB family remains unclear, experimental evidence hints at a more important role for TRY in short-range inhibition and for CPC and, particularly, ETC1 in long-range inhibition (Schellmann et al., 2002; Kirik et al., 2004a) . In conclusion, the phytohormonemediated increased trichome initiation can, at least partly, be accounted for by the modulation of gene expression for trichome-inducing genes.
Phytohormone-Mediated Trichome Initiation Is Not Consistently Linked with Anthocyanin Biosynthesis
Because trichome initiation and leaf anthocyanin production are regulated by the same bHLH proteins (GL3 and EGL3) in a TTG1-dependent manner, we verified whether the increase in trichome number consistently correlated with an increase in anthocyanin accumulation. Interestingly, whereas JA and BAP both increased anthocyanin production, GA 3 did not (Supplemental Fig. S3A ), indicating that different phytohormones can specifically impinge on particular components of the TTG1-dependent complexes, despite the partly shared molecular machinery. Correspondingly, JA and BAP, but not GA 3 , induced expression of the bHLH (TT8) and R2R3-MYB (PAP1 and PAP2) factors dedicated to the regulation of anthocyanin biosynthesis (Supplemental Fig. S3B ).
Formation of Marginal and Laminal Trichomes Is Steered by Different TTG1-Dependent Complexes
Since the phytohormone-mediated increase in trichome initiation correlated with transcriptional upregulation of the known activator components of the trichome initiation network, we assessed whether this hormonal effect depended exclusively on these components. Therefore, we analyzed the trichomepromoting effects of the three phytohormones on several glabrous Arabidopsis mutants deficient in TTG1 network components. Surprisingly, the phytohormones were found to impinge differently on the trichome initiation machinery depending on the leaf zone, namely lamina versus margin. None of the phytohormones could fully restore the trichome formation on the leaf lamina in any of the ttg1, gl3egl3, and gl1 mutants (Fig. 6) . Sporadically, small trichomeprimordium-like structures were formed on the leaf lamina of ttg1 mutants (Fig. 6B) , indicating that the phytohormone-mediated induction of laminal trichome initiation depends exclusively on the known WD40, bHLH, and MYB elements. However, trichome formation was induced at the leaf margin in the ttg1 and gl3egl3 mutants, but not in the gl1 mutant. Because simultaneous overexpression of GL3 and EGL3 can suppress the ttg1 trichome defect (Zhang et al., 2003) , the increased expression of GL3 and EGL3 upon phytohormone treatment (Fig. 5 ) might explain the observation in the ttg1 mutant. In contrast, the marginal trichome induction in the gl3egl3 mutant clearly pointed toward the existence of distinct control pathways for the laminal and marginal leaf trichomes. These two epidermal differentiation programs might share the WD40 and R2R3-MYB elements of the TTG1-dependent complex, but apparently they involved different bHLH factors.
TT8 Plays an Important Role in Marginal Trichome Development
A potential candidate for the induction of marginal trichomes in the gl3egl3 double mutant was TT8, which hitherto was not linked with trichome initiation.
Analysis of the gl3egl3tt8 triple mutant showed that the phytohormone-mediated induction of marginal trichomes in the gl3egl3 background was completely abolished in the triple mutant (Fig. 6) . Hence, TT8 might be involved in the establishment of marginal trichomes, at least in certain genetic backgrounds and under certain conditions, such as phytohormone elicitation. To verify whether TT8 is involved also in marginal trichome initiation in the presence of GL3 and EGL3 and in "normal" growth medium, we checked the marginal trichome development in tt8 single mutants grown in the absence of exogenously added hormones. No trichomes could be detected at the margin of young developing tt8 leaves (Fig. 7 , A-C). To assess whether marginal trichome development depended exclusively on TT8, we also verified the marginal trichome development on gl3 seedling leaves (Fig. 7, A-C) . Young developing gl3 leaves lacked marginal trichomes, a phenotype further enhanced in the tt8gl3 double mutant. Hence, both TT8 and GL3 seem to be involved in and required for marginal trichome induction.
To determine whether TT8 and GL3 are essential for trichome development on margins or rather control its timing, single and double mutants were scored for (marginal) trichome numbers on young developing leaves and adult leaves (of 1-week-old and 4-week-old seedlings, respectively). This quantitative analysis indicated that marginal trichome formation was almost completely impaired in developing leaves of tt8 and gl3 single and double mutants. Laminal trichome formation still occurred, albeit slightly reduced, both in tt8 and gl3 mutants (Fig. 7B) . In adult leaves, marginal trichome formation was still decreased, most clearly in tt8gl3 but also in the single tt8 and, to a lesser extent, gl3 mutants (16%, 41%, and 72% of the Table S2 . Error bars represent SE (n = 10). Statistical significance was determined by Student's t test (** P , 0.01). B, Microscopic analysis of the nuclear area of leaf 7 trichomes at 14 d after phytohormone treatment stained with DAPI. Bar = 10 mm.
Col-0 level, respectively), indicating that both TT8 and GL3 are essential for trichome development on margins, independently of the developmental stage. Possibly, EGL3 also might participate, because marginal trichome development was still observed on (adult) tt8gl3 leaves. Moreover, when the tt8 and gl3 single and double mutants were subjected to phytohormone treatment, marginal trichome development was restored, further supporting the functional redundancy of TT8, GL3, and, probably, EGL3 (Fig. 7D ).
Spatial Expression of GL3, EGL3, and TT8 Depends on Phytohormone Treatment and the Presence of TTG1 GL3 has been postulated to act in a negative autoregulatory loop (Morohashi et al., 2007) , whereas TT8 expression in seeds is regulated by a positive feedback loop involving TT8 itself and GL3 and EGL3 (Baudry et al., 2006) . Therefore, the marginal trichome phenotypes in the tt8 and gl3 mutants might possibly be ascribed to a general decrease in bHLH factor expression. However, qPCR analysis showed that EGL3, GL3, and TT8 expression was not considerably altered, either in the gl3 and tt8 mutants or in the ttg1 and gl3egl3 mutants (Supplemental Fig. S4 ). Thus, the presence of both GL3 and TT8 seems to be required for marginal trichome initiation.
Nonetheless, the altered transcriptional regulation of bHLH genes could be responsible for the marginal trichome phenotypes in the single bHLH mutants, because the conditional mutual presence was overcome by phytohormonal treatment in both the gl3 and tt8 mutants (Fig. 7D ) and GL3 expression was clearly induced (Fig. 5) . However, TT8 expression was only induced markedly by BAP, and not by JA or GA 3 , suggesting that marginal trichome formation in the gl3 mutant might not be restored by the simple transcriptional up-regulation of TT8 expression (Supplemental Fig. S3B ).
Therefore, we visualized promoter activities and spatial expression of trichome developmental genes by histochemical analysis of transgenic plants with promoter-GUS fusions in the absence or presence of the three phytohormones. The GUS activity patterns in Figure 4 . Trichome structure of phytohormone-treated rosette leaves. A, Scanning electron micrographs of trichomes treated with JA, BAP, and GA 3 14 d after treatment. Solid and dashed white lines indicate trichome stalk and trichome branch, respectively, and white arrows indicate the trichome papillae. B, Trichome stalk (white bars) and branch (black bars) length. Error bars represent SE (n = 9). Statistical significance was determined by Student's t test (** P , 0.01, * P , 0.05). all promoter-GUS lines tested were affected markedly by the phytohormones (Fig. 8) . The effects observed were all consistent with the qPCR data ( Fig. 5 ; Supplemental Fig. S3B ). In the ProGL3:GUS line, the strongest GUS staining was detected at the leaf margins and further increased after phytohormonal treatment without substantial alteration of the overall spatial expression pattern; hence, it was in agreement with the above-described role of GL3 in marginal trichome initiation. In contrast, the expression pattern of ProEGL3:GUS was also strongly pronounced in the lower half of the leaf lamina in addition to the leaf margin. This activity was further enhanced by JA and BAP but not by GA 3 .
In mock-treated ProTT8:GUS plants, we could not detect TT8 promoter activity in leaf margins but we detected a weak blue staining in the lamina. JA and BAP clearly induced promoter activity in the leaf lamina, whereas GA 3 treatment reduced GUS staining dramatically. Intriguingly, even in the presence of JA and BAP, the TT8 promoter activity remained lower in the leaf margin than in the lamina. Notably, the ProTT8:GUS expression pattern was clearly affected by the absence of TTG1. In contrast to the situation in the wild-type background, ProTT8:GUS staining could not be detected anymore in ttg1 mutant leaves under mock conditions. Furthermore, ProTT8:GUS staining was now visible at the margins of ttg1 leaves after treatment with JA and BAP (Fig. 8) , which is consistent with the restoration of marginal trichome initiation in this mutant background (Fig. 6) . We did not notice any differences in the spatial expression of ProTT8:GUS in Figure 6 . Distinct trichome formation in the leaf margin and lamina. Influence of phytohormones on trichome development in the glabrous mutants ttg1, gl3egl3, gl1, and gl3egl3tt8, as visualized by light microscopy (A) and scanning electron microscopy (B). Marginal trichomes and laminal trichome primordia are indicated by yellow and white arrowheads, respectively. the gl3egl3 mutant background when compared with that of the wild type (data not shown), indicating that in leaves, TT8 expression is not regulated by GL3 or EGL3. Our findings indicate that for each of the three trichome-regulating bHLH factors, spatial gene expression is divergent in leaf margin and lamina, depends on the presence of phytohormones and of TTG1, and is in accordance with the respective functions in trichome initiation.
DISCUSSION
Multiple genetic and environmental factors affect trichome density, a trait that is of great ecological importance for many plants, in particular in defense against herbivores (Traw and Bergelson, 2003; Mauricio, 2005; Serna and Martin, 2006) . Here, we investigated how the phytohormones GA 3 , JA, and BAP stimulate Arabidopsis trichome formation and how it is integrated into other cellular processes.
Different Phytohormones Determine the Frequency of Trichome Initiation through Distinct Cellular Events
Using a robust trichome-promoting experimental setup, we showed that exogenous application of the phytohormones GA 3 , JA, and BAP all stimulated trichome formation in a seemingly similar way when scored merely by leaf trichome numbers and density. However, despite this common effect, the three hormones have strikingly distinct or even antagonistic effects on various other cellular and developmental processes. For instance, cytokinins stimulated leaf cell division and blocked pavement cell maturation, whereas GAs promoted the latter event. In spite of Figure 7 . Development of marginal trichomes. A and B, Comparison of wild-type plants with tt8, gl3, and tt8gl3 mutants for the developing leaf stage by light microscopy (A) and scanning electron microscopy (B). C, Quantification of marginal trichomes on developing and mature leaves (from 1-week-old and 4-week-old seedlings, respectively) of single and double bHLH mutants. In both stages, three zones were arbitrarily defined based on the distance from the visible leaf margin. From the leaf margin to the center, these zones are M1 (margin 1), the outer 5% (calculated on the total leaf surface) that includes the visible margin; M2 (margin 2), the 5% inward layer adjacent to M1; and L (lamina), the central region. Trichome numbers in leaves of the Col-0 wild type for each zone were set at 100% and corresponded to 12 (M1), 15 (M2), and 33 (L) in developing leaves and to 49 (M1), 32 (M2), and 73 (L) in adult leaves. Error bars represent SE (n = 15). D, Trichome development in the tt8 mutant after transfer from mock (K1) to phytohormone-containing medium.
their positive effect on trichome initiation, cytokinins clearly blocked trichome maturation, whereas JAs promoted it. Thus, different cell types can adjust their response to a particular hormone to the context of the developmental programs they are committed to. This finding is in agreement with recent observations that cytokinin functions seem to be diverse and context dependent and that different cytokinin threshold levels are required for cell proliferation, elongation, and differentiation (Mü ller and Sheen, 2007) or that JAs can transcriptionally activate different metabolic and cellular responses in Arabidopsis in a context-dependent manner (L. Pauwels and A. Goossens, unpublished data).
In general, our observations correspond well with the established physiological roles of GAs, cytokinins, and JAs in plant development and defense. GAs promote the juvenile-to-adult growth transition, and this vegetative phase change influences trichome production (Telfer et al., 1997; Perazza et al., 1998) . Cytokinins keep leaves in a division state, as reflected by the increased expression of the cyclin D3-encoding gene CYCD3 (L. Maes and A. Goossens, unpublished data), a crucial driver in cytokinin-induced cell division (Riou-Khamlichi et al., 1999) . CYCD3 transcript levels were not affected in leaves treated with JA or GA 3 (L. Maes and A. Goossens, unpublished data). Maintenance of leaves in such a prolonged division state prevents full maturation and, eventually, might promote trichome initiation (Larkin et al., 1996) . JAs are well-known defense hormones that are synthesized upon wounding by herbivores and that activate various stress responses. Considering the role of trichomes in defense against herbivores, it is plausible to assume that JAs might be capable of affecting cellular differentiation or other developmental programs when this is appropriate for the plant's survival.
Functional Specialization of the TTG1-Dependent bHLH Factors in Trichome Initiation
Arabidopsis trichome formation depends on the activity of the TTG1 transcriptional activator/repressor complex, in which the bHLH proteins are postulated to share largely overlapping functions and the MYB proteins to provide the specificity for the down- stream effects. However, hitherto, functional redundancy between the bHLH proteins TT8, GL3, and EGL3 was suggested to be incomplete, because TT8 was presumably involved only in seed coat mucilage production and in phenylpropanoid biosynthesis in leaves and seeds (Zhang et al., 2003; Broun, 2005) . Accordingly, no trichome phenotype was reported for the TT8 overexpressors, and complementation of tt8 was less complete with Pro-35S:GL3 than with Pro-35S:EGL3 (Nesi et al., 2000; Broun, 2005) . Furthermore, the combined TT8/GL1 or TT8/MYB23 overexpression could not transactivate anthocyanin/phenylpropanoid biosynthetic gene expression in protoplasts, in contrast to the TT8/PAP1 and TT8/PAP2 combinations (Zimmermann et al., 2004) . This functional specificity might possibly be due to structural features that prevent interaction between certain MYB and bHLH proteins (Broun, 2005) . Our results attenuate this latter hypothesis and reinforce the assumption of overlapping functions, because we clearly demonstrate the involvement of TT8 in trichome formation. We propose that, in a particular molecular and developmental context, TT8 and the trichome-stimulating R2R3-MYB factors GL1 and/or MYB23 might interact. Whereas no such interaction between TT8 and GL1 or MYB23 was implied by Y2H analysis based on growth on selective medium, the semiquantitative b-galactosidase-based Y2H assay hinted at such a possibility, although definitely much weaker, for instance, than that between EGL3 and GL1 or MYB23 (Zimmermann et al., 2004) .
Crucial factors in the control of TTG1-dependent pathways are the existence of autoregulatory loops and the degree of overlap in expression of MYB-and bHLH-encoding genes. For instance, GL3 is recruited to its own promoter with a decreased GL3 expression as a result, implying the presence of a GL3-negative autoregulatory loop (Morohashi et al., 2007) . Homologous MYB and bHLH proteins can also bind simultaneously to the TT8 promoter (e.g. TT8/PAP1, EGL3/PAP1, and GL3/PAP1); hence, TT8 might be involved in the control of its own transcription, and a broad set of MYB/bHLH complexes might participate in the TT8 activation (Baudry et al., 2006) . This hypothesis correlates with the ProTT8: GUS patterns in seeds of wild-type and tt8, egl3, and ttg1 mutant plants. In developing seeds and cotyledons, the TT8 promoter activity is restricted to specific cell types, and this spatial expression pattern is altered in the different mutants (Baudry et al., 2006) . Accordingly, our study showed that the TT8 promoter activity, as well as that of GL3 and EGL3, in rosette leaves was restricted to particular zones and depended on the presence of TTG1. Furthermore, BAP, JA, and GA 3 influenced the spatial expression pattern of TT8 as well as those of GL3 and EGL3. Thus, the divergence in transcriptional control allowed the functional specialization of largely equivalent bHLH proteins, in turn enabling plants to respond similarly to distinct developmental, molecular, or hormonal signals. Likewise, the study of the GIS clade of C2H2 factors has revealed that functional specialization within a transcription factor family can facilitate and integrate the regional influence of phytohormones to regulate plant cell differentiation (Gan et al., 2007) .
MATERIALS AND METHODS
Plant Material and Maintenance
Mutant and wild-type Arabidopsis (Arabidopsis thaliana) seeds were incubated on Murashige and Skoog germination medium on horizontally oriented square plates (Greiner Labortechnik). After the first four leaves had been formed, seedlings were transferred to Murashige and Skoog medium without (K1) or with 5 mM JA (Sigma-Aldrich), 1 mM GA 3 (Sigma-Aldrich), or 1 mM BAP (Sigma-Aldrich 
Measurement of Epidermal Cell Number and Trichome Density
For microscopy, leaves were harvested, cleared overnight in methanol, and subsequently stored in lactic acid (90%). Total leaf area was determined with the public domain image-analysis program ImageJ (version 1.37; http://rsb. info.nih.gov/ij/) from digitized images taken with a CCD camera installed on a binocular (Stemi SV11; Zeiss). To measure cell density, leaves were mounted on a slide and observed with a microscope fitted with differential interference contrast optics (Leica). Epidermal cell number and area were determined with ImageJ from scanned drawing-tube images of outlines of at least 100 cells of the abaxial epidermis located 25% and 75% from the distance between the tip and the base of the leaf and halfway between the midrib and the leaf margin. The following parameters were obtained with ImageJ: the areas of all individual cells in the drawing, the total number of cells, and the number of guard cells. From these data, we calculated the average cell area and estimated the total number of cells per leaf by dividing the leaf area by the average cell area (averaged between the apical and basal positions). Finally, the number of trichomes per whole leaf was counted.
Histochemical GUS Staining
GUS activity was assayed by immersing seedlings in a staining solution consisting of 50 mM sodium phosphate buffer (pH 7.0), 0.1% Triton X-100, 10 mL mL 21 dimethylformamide, and 0.5 mg mL 21 5-bromo-4-chloro-3-indolyl glucuronide at 37°. To limit the diffusion of the blue staining, 5 mM K 3 Fe(CN) 6 and 5 mM K 4 Fe(CN) 6 were added. After staining for 24 h, tissues were cleared in absolute ethanol for 1 h and in 70% ethanol for 2 h to remove the chlorophyll. Seedlings were mounted in lactic acid (90%) and visualized on a binocular (Stemi SV11; Zeiss).
Flow Cytometry Analysis
Leaf blades from three plants were pooled and chopped with a razor blade in 300 mL of 45 mM MgCl 2 , 30 mM sodium citrate, 20 mM MOPS (pH 7.0), and 1% Triton X-100 (Galbraith et al., 1991) . To the supernatant, 1 mL of 4#,6-diamidino-2-phenylindole (DAPI) from a stock of 1 mg mL 21 was added that had been filtered over a 30-mm mesh. The nuclei were analyzed with the CyFlow cytometer and Flomax software (Partec).
DAPI Staining and Measurements of Nuclear DNA Quantity
Leaves were fixed in a solution of three-quarters 95% ethanol and onequarter glacial acetic acid for 2 h at room temperature and stored in 70% ethanol at 4°C. Fixed tissue was soaked first in water and then in 0.5 M EDTA (pH 8.0). Trichomes from leaves from six plants were removed from the abaxial epidermis with a pair of fine forceps, pooled, and mounted on a glass slide. A drop of DAPI at a concentration of 0.005 mg mL 21 in McIlvaines's buffer (pH 4.1; 60 mL of 0.1 mol L 21 citric acid + 40 mL of 0.2 mol mL 21 Na 2 HPO 4 ) was put on the isolated trichomes. The trichomes were covered with a drop of Vectashield medium (Vector Laboratories) and observed with a 203 objective and a 403 objective on an Axioskop microscope equipped with an Axiocam CCD camera (Zeiss). Images were obtained with the Axiovision software and analyzed in gray-scale with ImageJ. The nuclear area was manually circumscribed, and the size and fluorescence intensity were determined. The relative DNA content is reflected by the integrated density, which is the product of the area and the average fluorescence (Boudolf et al., 2004) .
Scanning Electron Microscopy
Leaves were harvested and fixed overnight at 4°C in a solution of 4% (v/v) paraformaldehyde, 1% (v/v) glutaraldehyde (25% solution), and 0.02 M sodium phosphate buffer (pH 7.0). After fixation, samples were rinsed three times in sodium phosphate buffer and postfixed in 1% (v/v) OsO 4 (in the same buffer) for 2 h. After dehydration through a graded ethanol series (30%, 50%, 70%, 95%, and 100% three times, 15 min for each step), specimens were dried with CO 2 by the critical point dryer CPD 030 (Bal-Tec). The samples were coated with a gold layer with a JFC-1200 sputter coater (JEOL), mounted on scanning electron microscope stubs with double-sided sticky carbon tape, and examined with a scanning electron microscope (JSM-5600 LV; JEOL) under an accelerating voltage of 5 kV.
Anthocyanin Measurement
Pigments were extracted by incubating pooled whole seedlings (n = 3) for 48 h at 4°C in acidic (1% HCl [w/v]) methanol. The absorbance of the extracts, clarified by filtration, was measured at 530 nm (absorption peak of anthocyanin) and 657 nm (absorption peak of chlorophyll in acidic methanol) with a Life Science UV/VIS spectrophotometer (Beckman). The formula A 530 2 0.33 A 657 was used to compensate for the contribution of chlorophyll and its degradation products to the absorption at 530 nm (Mancinelli and Schwartz, 1984) .
qPCR RNA was extracted with Plant Reagent (Invitrogen) from pooled leaves of 20 plants. Poly(dT) cDNA was prepared from 1 mg of total RNA with SuperScriptII reverse transcriptase (Invitrogen) and quantified on an iCycler apparatus (Bio-Rad) with the qPCR core kit for SYBR Green I (Eurogentec). PCR was carried out on 96-well optical reaction plates heated for 10 min at 95°C to activate hot-start Taq DNA polymerase, followed by 50 cycles of denaturation for 60 s at 95°C and annealing extension for 60 s at 58°C. Targets were quantified with specific primer pairs designed with the Beacon Designer 4.0 (Premier Biosoft International) or Probe library (http://www.probelibrary. com/). All PCRs were done in triplicate. Expression levels were normalized to those of the ACTIN2 control gene.
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